Abstract. The effect of MnO 2 doping on the structure, microstructure and dielectric properties of BaTiO 3 has been studied. For this purpose MnO 2 -doped BaTiO 3 ceramics have been prepared using a conventional ceramic method. The energydispersive X-ray spectroscopy investigations have revealed that the samples BaTiO 3 + x wt. % MnO 2 (x = 0.01; 0.1) are perfectly sintered. Our studies have shown that all the electric parameters under investigation depend on the frequency of electric field and the amount of manganese substitution. In order to understand better the character of phase transition in BaTiO 3 + x wt. % MnO 2 (x = 0.01; 0.1), we have also studied the thermal behaviour of these compounds.
Introduction
Barium titanate BaTiO 3 abbreviated hereafter as BT has been the first piezoelectric ceramics ever discovered and, due to its excellent ferroelectric properties and high dielectric constant at the room temperature, it is still widely used in capacitors, thermistors, chemical sensors and piezoelectric devices [1, 2] . Due to a great technological interest, titanate perovskites are also a focus of numerous applications.
The crystal structures typical for polycrystalline BaTiO 3 ceramics are denoted as h-BT (hexagonal), c-BT (cubic), t-BT (tetragonal), o-BT (orthorhombic), and r-BT (rhombohedral). The temperatures for the hexagonal-cubic (T h-c ), cubic-tetragonal (T c-t ), tetragonal-orthorhombic (T t-o ) and orthorhombic-rhombohedral (T o-r ) phase transitions are about 1703, 401, 285 and 202 K, respectively [3] [4] [5] [6] . The structure of BaTiO 3 may be described as a combination of corner TiO 6 octahedra, with Ti 4+ ions occupying a centre and Ba 2+ ions located in the spaces among these octahedra. Because of some distortion, the octahedra are coupled together, thus causing a spontaneous polarisation and giving rise to a large dielectric constant and its significant temperature dependence.
There are many ways to dope BT, including transition metals [11, 12] or some others atoms [13, 14] , and even organic materials [15] . Different admixtures have been introduced into bulk to substitute Ba 2+ or Ti 4+ [10] . When an impurity is introduced, the properties of the compound can change dramatically. In particular, a lattice deformation occurs when the BT is doped with the transition metals. Kirianov et al. [7] have reported that doping with Mn would promote the transition from the tetragonal to cubic phases. At the same time, the authors of the works [5, 7] have argued that transformation from the tetragonal to hexagonal phases is observed. Therefore the role of Mn has not yet been completely understood. Notice that the manganese-modified BT ceramics have also been reported as a potential candidate for using in dielectric resonators [1] . The purpose of this work is to understand better the effect of Mn doping upon ferroelectric properties of BaTiO 3 . For this aim we perform precise measurements of chemical composition, as well as thermal and dielectric properties.
Experimental procedures
Polycrystalline samples of BaTiO 3 + x wt. % MnO 2 (x = 0.01; 0.1) were prepared using a solidstate synthesis. The samples were synthesised from an analytically pure barium carbonate BaCO 3 , titanium oxide TiO 2 , and manganese oxide MnO 2 . A mixture of the raw materials was homogenised and ground in an agate ball mill in ethanol for 24 h. The dried material was calcined at the temperature of 1523 K for 1-2 h. After the calcination, the powder was ground in ethanol, then cold-pressed (100 MPa) and sintered for 2 h with the aid of a conventional ceramic technology in the temperature region 1633-1693 K, depending on the composition.
The microstructure of the surface of our polycrystalline samples was examined using a SEM Model Hitachi S4700 with a field emission and a Noran Vantage EDS system. An X-ray EDS (Energy-Dispersive X-ray Spectroscopy) microanalysis was applied to investigate the homogeneity of composition and an EPMA (Electron Probe Microbeam Analysis) was used to analyse the distribution of elements at the sample surface. Investigations of the chemical composition were performed using a Noran-Vantage microanalyser, which was a part of a Hitachi SEM. The use of a lithium-drifted siliceous detector with a multi-channel pulse height analyser enabled us to obtain diffraction patterns in any chosen micro-regions of sample surfaces.
Standard differential scanning calorimetry (DSC) measurements were performed with the aid of a Netzsch DSC F3 Maia apparatus equipped with an intra-cooler unit. A DSC scan provided an easy way to identify the phase transition temperatures for the ferroelectric ceramics. In particular, the endothermic peaks observed by us corresponded to the phase transitions. The samples were measured in the temperature region 150-600 K, using heating or cooling rates (10 K/min) in an argon atmosphere (30 cm 3 /min). The masses of our samples were about 50 mg. Because the temperature history of samples might affect the result, the DSC measurements were undertaken two times, one by one, and the second curve was treated as a final outcome. The electric measurements of our samples were performed using an LCR Agilent 4284A meter and a temperature controlling system Quatro Krio 4.0. Temperature and frequency dependences of the dielectric permittivity, dielectric loss tangent and the electric conductivity were investigated in the temperature region 150-500 K at the frequencies of 20 Hz, 100 Hz, 1 kHz, 100 kHz and 1 MHz.
Results and discussion

Morphological and chemical investigations
The SEM investigations of the microstructure of our ceramics were performed on the fractures prepared in a way described above. The surface SEM investigations were performed on both Mndoped and undoped BT samples. The SEM image of BaTiO 3 shows that its microstructure consists of inter-granular pores and grains of various sizes (the average grain size is estimated to be about 10 μm), with well-defined grain boundaries. A glassy phase is hard to find. The growth terraces are seen, which indicates that the growth of grains occurs according to a layer mechanism. The SEM images of the samples with x = 0.01 and x = 0.1 (see Fig. 1b and 1c) indicate that the MnO 2 admixture does not influence drastically the microstructure. All the samples reveal almost equal densities, with comparable grain sizes. Only for the case of x = 0.1 one can observe that MnO 2 used as an admixture has an inhibiting effect on the grain growth process and, consequently, a relatively homogeneous microstructure arises, with higher amounts of inter-granular porosity and the grains ~ 20% larger than those typical for the non-modified sample. This may be due to the behavior of Mn -ions in the BaTiO 3 ceramics.
The EDS investigations (see Fig. 2 ) show that the ceramics BaTiO 3 + x wt. % MnO 2 (x = 0.01; 0.1) contain Ba, Ti, O and Mn elements near their surfaces. No other impurity element has been detected in the spectrum. The homogeneity of element distribution in the samples has been investigated with the EPMA method using an X-ray microprobe. 
Thermodynamic investigations
In order to understand how thermodynamic properties are related to manganese content in the substituted BaTiO 3 , the thermodynamic quantities such as the phase transition temperature and the enthalpy in the perovskite phase have been investigated in a wide temperature range (150-700 K), using a standard DSC technique. All the results normalised to the sample masses are plotted in In the case of pure BaTiO 3 , the temperatures of the cubic-tetragonal phase transition are 403 K and 391 K, those between the tetragonal and orthorhombic structures are 287 and 273 K, and those between the orthorhombic and rhombohedral ones are 206 and 184 K on heating and cooling, respectively. All the data are collected in Fig. 3 (see the insert) .
A special attention was paid to the samples with the Mn-ion admixture. For the system BaTiO 3 + 0.01 wt. % MnO 2 , the first sharp peaks corresponding to the transition temperatures from the cubic to tetragonal phases are observed at 403 K and 393 K on heating and cooling, respectively. The second peaks are due to structural transformation from the tetragonal to orthorhombic phases. They are observed at 293 K and 295 K on heating and cooling, respectively. Finally, the third peaks correspond to orthorhombic-rhombohedral transformation. These peaks occur at about 208K and 188 K in the heating and cooling runs, respectively. In addition, our analysis of the shape of these peaks and the energy exchange suggest that the phase transition is of the first order. All the transition temperatures mentioned above are almost equal for the sample doped with Mn ions and those of the pure BT.
The DSC run obtained for BaTiO 3 + 0.1 wt. % MnO 2 is totally different. As seen from Fig.3 , only one broad peak and two humps are observed. Basing on the data obtained for the thermodynamic properties of BaTiO 3 , one can assume that the peculiarity observed at 401 K in the cooling process (the temperature being very close to that observed for the pure BT) is associated with the structural transition between the cubic and tetragonal phases. The peak magnitude is only onefourth of that corresponding to transformation from the cubic to tetragonal phases in BaTiO 3 + 0.01 wt. % MnO 2 sample. A lack of intensity in the phase transition peak can be attributed to the presence of Mn impurity.
Further lowering of the temperature leads to a next small maximum at 295 K, which is linked to the structural transition from the tetragonal to orthorhombic structure. This peak shows a complex structure consisting of two distinct humps, which are clearly separated. A next slight hump appears at 210 K for the heating run and at 187 K for the cooling one. The DSC experiments performed in the heating run exhibit that the Mn ion impurities influence the phase transition behaviour. The temperatures corresponding to the peaks and the enthalpy changes ΔH are collected in Table 1 . The analysis of the experimental data presented in Table 1 testifies that the substitution of titanium for manganese in the amount of 0.1 wt. % causes large enthalpy changes, when compared with the pure BT. Qualitatively, the enthalpy changes can be used while describing 'tetragonality' of the BT ceramics (for the case of x ≥ 0,1). Further studies in this direction are being planned. 
Dielectric investigations
Dielectric properties of the ceramics BaTiO 3 , BaTiO 3 + 0.01 wt. % MnO 2 and BaTiO 3 + 0.1 wt. % MnO 2 can be described by the temperature dependences of the real part ε' of the dielectric permittivity (see Fig. 4 and Fig. 5 ) and the electric conductivity σ' in the heating run. Fig. 4 shows the curves ε'(T) for the selected set of electric field frequencies. For all of the samples, the temperatures where three maxima ε' occur overlap for all the frequencies studied by us. In the case of ferroelectric ceramics, these maxima correspond to the structural phase transitions for both the BT and the Mn-doped samples, and a sharp paraelectric-ferroelectric (PE-FE) phase transition occurs at 403 K. This transformation is caused by the structural tetragonal-cubic change. Doping of the BT ceramics with a small amount of Mn ions (0.01 wt. %) results in increasing dispersion in the whole temperature region. At the same time, the maximum dielectric permittivity ε' at the PE-FE phase transition decreases by a half, when compared to that observed for the pure BaTiO 3 . The increase in Mn content up to 0.1 wt. % results in even greater dispersion and further reduction of the maximal dielectric permittivity. For the pure BaTiO 3 and BaTiO 3 + 0.01 wt. % MnO 2 , the phase transition between the tetragonal and orthorhombic phases occurs at 288K, while the same transition for BaTiO 3 + 0.1 wt. % MnO 2 is seen at 283 K. After the temperature is lowered by about 100 K, the next maxima appear on the curves ε'(T). They correspond to the orthorhombic-rhombohedral transformation. Increasing Mn content in the BT causes a gradual diffusion of all the phase transformations and, in particular, the PE-FE phase transition seen in the temperature dependence of the dielectric permittivity.
The constants C and T 0 for a number of frequencies, which have been obtained in the heating run from the linear regression, are presented in Table 2 . The analysis of the data shown in Table 2 testifies that the greatest difference in the parameters is observed for the samples of BaTiO 3 + 0.1 wt. % MnO 2 . For the samples doped with manganese, the Curie-Weiss constant is about 10 4 , which is characteristic for the order-disorder phase transitions. 366 ± 0.67 The a. c. conductivities obtained for our samples at 100 Hz are presented in Fig. 6 . In the phase transition region of 420-450 K, the value of the a. c. conductivity reaches local maximums for the pure BT and each value of the Mn concentration. This has been explained earlier by Heywang [16, 17] who predicted such a behaviour basing on the acceptor state density at the grain boundaries, the charge carrier density and the energy gap between the conduction band and the acceptor levels. A PTCR (Positive Temperature Coefficient Resistor) effect is observed in the phase transition region. The increase in the resistivity seen above the Curie temperature is caused by potential barriers located at the grain boundary and trapping of electric carriers through the polar regions. The straight-line segments in Fig. 6 seen in the high-temperature region indicate that the electric conductivity can be described by the relation
where k is the Boltzmann constant, 0  the pre-exponential factor, and φ   the activation energy. Using this formula, we have calculated the activation energy of the electric conductivity for the temperature region above 430 K. The parameters obtained by us are φ 1 = 0.68±0.006 eV, φ 2 = 0.64±0.005 eV and φ 3 = 0.55±0.009 eV for the pure BaTiO 3 , BaTiO 3 + 0.01 wt. % MnO 2 and BaTiO 3 +0.1wt.% MnO 2 , respectively. Since the similar values are obtained for the activation energy, the same transport mechanism for the electric charges is expected to occur in all of the samples under investigation. However, the activation energies typical for semiconductors should depend on the free electric charge and the bound charge [16] . The value obtained here agrees with the activation energy derived for the electron case of hopping in the perovskite materials containing titanate.
In the Kroger-Vink notation, the properties of the undoped BaTiO 3 ceramics may be described by the following equation [18] [19] [20] [21] [22] :
where V o •• denotes the oxygen vacancy with the effective charge of 2 + . The produced electrons are almost fully delocalised by a hopping motion from one titanate site to another, according to the equation [18] [19] [20] [21] [22] [10] . The generated electrons are preferentially trapped by the Mn ions. Therefore the amount of manganese ions is very low due to very low Mn concentrations, and the motion of electrons from one Mn site to another can be effectively suppressed. This causes localisation of electrons on the Mn sites and, thus leading to changing potential barrier of the grain boundary. The mechanism presented here is believed to be responsible for the resistance behaviour of the variable-valence acceptors in the BaTiO 3 + x wt. % MnO 2 system.
Conclusions
The polycrystalline samples of BaTiO 3 , BaTiO 3 + 0.01 wt. % MnO 2 and BaTiO 3 + 0.1 wt. % MnO 2 have been obtained by means of a conventional ceramic technology. The materials thus synthesised have been examined using the SEM. The EDS measurements have revealed that the samples are perfectly sintered and chemically homogeneous and confirmed a high quality of the latter. The DSC experiments performed in the heating run have testified the influence of Mn impurity on the behaviour of phase transitions. The values obtained for the enthalpy changes ΔH indicate that the substitution of titanium for manganese in the amount of 0.1 wt. % causes significant enthalpy changes, when compared with those occurring in the pure BT. The dielectric measurements have shown that the parameters of our samples are sensitive to the frequency of the applied electric field. The activation energy of the electric conductivity for the temperatures above 430 K has been calculated. The PTCR effect has been observed in the region of phase transition. Increasing content of Mn ions in the BT has been shown to cause gradual diffusion of all the phase transformations and, in particular, the PE-FE phase transition.
